Rabies virus isolates from terrestrial animals in six areas of the United States were examined with a panel of monoclonal antibodies to nucleocapsid proteins. Characteristic differences in immunofluorescence reactions permitted the formation of four antigenically distinct reaction groups from the 231 isolates tested. The geographic distribution of these groups corresponded well with separate rabies enzootic areas recognized by surveillance of sylvatic rabies in the United States. Distinctive reaction patterns were also identified for viral proteins from four infected bat species, and identical patterns were found in eight isolated cases of rabies in terrestrial animals. These findings suggest that monoclonal antibodies can be used to study the prevalence, distribution, and transmission of rabies among wildlife species.
Rabies in the United States is primarily a disease of wildlife species. Of the 5,000 to 7,000 cases of rabies reported annually, 80 to 90% occur in wildlife hosts (7) .
Although the disease in each of the affected species has been well studied, little is known of the epidemiology of rabies virus transmission between wildlife species, particularly the failure of sylvatic hosts to transmit rabies to other susceptible species in the same area (18) . The compartmentalization of the disease in this manner has resulted in the predominance of rabies in a single host species in several areas of the United States: a large region of skunk rabies that extends from Minnesota to Texas across the central United States and a separate skunk rabies area in northern California, two separate raccoon rabies areas in the southeastern and mid-Atlantic states, and a region of red fox rabies in Maine and New York (7) . Within these areas, single-species involvement is almost universal and the cases that occur in other animals are generally regarded as spillover or accidental infection from the major reservoir animal. For example, 964 of the 1,035 cases of rabies in terrestrial wildlife reported from Maryland in 1984 occurred in raccoons. The remaining cases were isolated, distributed among eight species (7) . The compartmentalization of the disease within one animal species observed in this and other areas of the United States does not seem to be caused by a lack of sufficient numbers of other species in any area but may reflect the ecologic isolation of species, unrecognized virus strain differences, or a combination of these and other unidentified factors (18) .
Also a factor in the study of disease transmission between wildlife species is recognition of the role played by rabid insectivorous bats. Since the first report of rabies in bats in Florida in 1953 (16) , rabies has been found in bats throughout the continental United States and in 30 of the 39 indigenous bat species (7, 8) . Although bats are suspected as a source of rabies infection in terrestrial mammals, particularly as the source of rabies that has suddenly appeared in areas or * Corresponding author. species that previously were unaffected (12) , the role of bats as reservoirs for rabies maintenance in nature has not been proven.
We recently developed a panel of monoclonal antibodies to the nucleocapsid proteins of rabies virus that can identify antigenic differences among some strains of virus (15) . In the present study we have used this panel to examine isolates from each of the terrestrial rabies enzootic areas of the United States and adjacent areas of Canada and Mexico and isolates from the four bat species which are most often found rabid in these areas. The identification of distinctive antigenic differences in the nucleocapsid proteins of these viruses was then used as an epidemiological marker system for the study of strain prevalence and distribution. The longterm use of such a system could lead to new perspectives of the epidemiology of sylvatic rabies.
MATERIALS AND METHODS Hybridoma monoclonal antibodies. Monoclonal antibodies induced by the immunization of BALB/c mice with ERA rabies virus were produced and characterized as described previously (14) . All antibodies used in this study stained intracytoplasmic inclusions of ERA-rabies-virus-infected, acetone-fixed brain impression slides or cell cultures and were considered to be specific for the nucleocapsid antigenic complex (13) . Antibodies were used in the form of mouse ascites.
Immunofluorescent-antibody staining for nucleocapsid antigen. The indirect immunofluorescent-antibody staining procedure was used to detect nucleocapsid antigen with acetone-fixed touch impressions of brain material or cell monolayers treated with monoclonal antibodies for 30 min at 37°C, washed to remove unbound antibody, and restained with fluorescein-conjugated goat antibody to mouse immunoglobulin G (Tago Inc., Burlingame, Calif.). Slides were examined at a magnification of x 200 to x 400 with a standard universal microscope with vertical illumination (Carl Zeiss Inc., New York, N.Y.). The light source was an XBO-150-W xenon bulb with KP490 and LP510 filters. 1983-1985 1983 1978, 1983 1982, 1985 1985 1983 1983 1985 1985 Fox (Vulpes fulva) Fox (Table 1) . Virus isolates from red fox rabies areas of Ontario and Quebec were also included because of surveillance data indicating that fox rabies in the northeastern United States is the result of the southeastward movement of fox rabies from these provinces in the early 1960s (3) .
In addition to the acquisition of isolates from these large, easily recognized rabies enzootic areas, virus isolates were collected from rabid dogs in the Mexican border counties of Texas, where an increased number of cases was observed in 1985 (Centers for Disease Control, Rabies surveillance annual summary: 1985, in press). For comparison, virus isolates from dog rabies areas of Mexico (the states of Chihuahua, Coahuila, and Mexico) were also included. Additionally, isolates were collected from gray foxes (Urocyon cinereoargenteus) in an area of central Texas which for 20 years has consistently reported more rabid foxes than any other area of Texas (2, 7). Virus isolates of reaction groups 3 and 4 were collected in enzootic areas defined by three different animal hosts and in several distinct geographic areas. The geographic distribution of these isolates (Fig. 1) can be summarized as follows.
(i) Skunk rabies virus isolates from the large skunk rabies band extending through the central United States could be divided into two reaction groups. One (reaction pattern 3 of in Pennsylvania (6), a horse in New Hampshire (9), a red fox in Rhode Island, and three gray foxes in southern New York. A fourth rabid fox from New York contained a virus indistinguishable from that found in L. borealis bats. The reaction patterns of additional isolates submitted for testing because they occurred unexpectedly in areas previously free of terrestrial rabies are listed in Table 7 . No grouping of these isolates was possible.
DISCUSSION
In the present study we present a panel of monoclonal antibodies which can identify antigenic differences on the nucleocapsid proteins of rabies virus isolates from the major terrestrial-species-defined enzootic areas of the United States. These isolates can then be distinguished from rabies virus found in four of the most commonly affected bat species in the United States. We also present data to show that this panel can be used to study the distribution, prevalence, and transmission of rabies variants between wildlife species.
The geographic distribution of the antigenic groups identified for isolates from the red fox, raccoon, and striped skunk rabies enzootic areas of the United States corresponded well with the geographically separate enzootic areas defined by rabies surveillance and with what is known about the movement of rabies into these areas. For example, the antigenic pattern associated with rabies viruses in red foxes in New York and Maine was not found in any other area of the United States. The observation of this same rabies variant in virus isolates from Ontario and Quebec agrees with surveillance data from the early 1960s which reported the movement of rabid foxes from Ontario across the Saint Lawrence River into the northeastern United States (3) and supports the suggestion that enzootic rabies in the northeastern United States is the continuation of an outbreak which began in red foxes in Canada in the 1950s (18) . Enzootic rabies in raccoons and the antigenic pattern associated with this variant were found in both the southeastern and mid-Atlantic states. This finding is also compatible with surveillance and epidemiologic data from this area (5) . Rabid raccoons have been identified in shipments of raccoons from the Southeast to private hunting clubs in the mid-Atlantic states (10) . This has led to the suggestion that the interstate transport of infected animals from rabiesendemic areas of the Southeast was responsible for the introduction of disease into the previously unaffected midAtlantic area (15) . Although two antigenically different rabies variants were found in what now appears as a single large skunk rabies enzootic area in the central United States, surveillance reports of the early 1960s had recognized increased activity in two well-separated skunk rabies areas: an older well-established focus in Minnesota and Iowa and a newly emerging epizootic in Texas (2) . The expansion of the two areas during the next 10 years resulted in their merger in parts of Missouri and Arkansas (4), an observation supported by the finding of two different rabies variants in skunks in these states.
As a characteristic reaction pattern for the major host species within each of these enzootic areas was identified, those cases in less commonly affected species, which were or were not the result of spillover infection from the major host species, could be predicted by a comparison test of isolates. In most of the rabies enzootic areas examined, the reaction pattern of all isolates, regardless of the host of origin, was identical to that of the major host species, with one interesting exception. A clustering of rabies cases in gray foxes and an increase in dog rabies in central and Mexican border areas of Texas (enzootic areas 7 and 8 of Table 1 ) had suggested disease transmission separate from the active skunk rabies enzootic in Texas (enzootic area 4 of Table 1 ) (7). Monoclonal antibody analysis of the isolates from these areas supported this surveillance. The reaction 1:17, 1979) . Study of additional isolates from these and other bat species should be helpful in the identification of the relative importance of migration patterns, activity during the formation of colonies, and roosting behavior in the inter-and intraspecific transfer of rabies virus among the bat species.
In the present study we present a typing scheme based on the ability of the rabies nucleocapsid protein-directed monoclonal antibodies to detect characteristic differences among isolates collected in separate species-defined rabies enzootics. The accumulation of the nucleocapsid proteins in brain tissue allows their antigenic analysis on impression slides prepared directly from most field samples, thus avoiding the laboratory culture of virus. Although the activity of antibodies to viral glycoproteins may also be useful in detecting differences in rabies variants, these antigens are not easily tested directly in virus samples and require the adaptation of isolates to cell cultures (a process which may in itself select for antigenic variation [11] ). Because any study of the epidemiology of rabies in wildlife species requires the testing of large numbers of isolates, it may be possible to use an initial grouping of isolates by the nucleocapsid reactivity presented here as a basis for the selection of a smaller number of isolates from each of these enzootic areas to be evaluated with antibodies to glycoprotein antigens. This approach should expand the usefulness of monoclonal antibodies in any effort to learn more about rabies virus transmission and maintenance in nature.
Although antigenic differences not detected by this panel of antibodies may be observed as new antibodies are produced and characterized, the present results define reaction groups which are consistent with the terrestrial rabies enzootic areas currently recognized by disease surveillance in these areas and suggest that separate cycles of rabies transmission may occur in bat species. It is also clear from these studies that much work is needed to characterize isolates of rabies virus from bat species and to determine the mechanism by which a diversity of variants have evolved within wildlife populations in the United States.
